Passed into law in 1996, the U.S. Food Quality Protection Act (FQPA) requires a more comprehensive assessment than ever before of pesticide exposure, dose, and effects (1, 2) . In particular, the FQPA directs the U.S. Environmental Protection Agency (EPA) to consider exposure to potentially sensitive subgroups in the population, coincident dietary and nondietary (i.e., aggregate) exposure, and contemporaneous multichemical (i.e., cumulative) exposure for pesticide risk assessment. To implement the FQPA, the U.S. EPA has been developing new methods and models to assess aggregate pesticide exposure that could occur in community settings (3) (4) (5) . Few reports have been published on direct measurements of pesticide exposure from different potential exposure pathways and the aggregate exposure posed by these exposures in residential settings. This information would be valuable for evaluating exposure models and for epidemiologic studies of the relationship between personal pesticide exposure and possible human health effects (6) (7) (8) (9) .
In this paper we report the results of a longitudinal study of aggregate daily exposure to chlorpyrifos, a commonly used organophosphate pesticide, in community and agricultural settings. The data presented are the product of a pilot investigation of temporal variation in human exposure to selected contaminants in multiple mediathe National Human Exposure Assessment Survey in Maryland (NHEXAS-MD). The objectives of our study were to assess aggregate daily exposure to chlorpyrifos from indoor air, carpet dust, exterior soil, and food; to identify the predominant pathways of chlorpyrifos exposure among those media; and to evaluate the reliability of a short-term measure of exposure for assessment of longterm average chlorpyrifos exposure.
Methodology
Study population. A stratified probability sample of 80 individuals over 10 years of age selected from four contiguous counties and the city of Baltimore in Maryland enrolled in the study from September 1995 to September 1996. All participants provided informed consent under protocols approved by an institutional review board. Details of the sampling strategy and demographic characteristics of the participants are reported elsewhere (10) . Briefly, we collected samples from selected environmental and biologic media, as well as questionnaire data, from each participant in as many as six 1-week periods (cycles) approximately equally spaced between September 1995 and September 1996. Cycles 1-6 correspond to 20 September to 23 December 1995, 15 January to 23 February 1996, 27 March to 20 April 1996, 22 April to 15 June 1996, 18 June to 27 July 1996, and 30 July to 18 September 1996, respectively.
Sample collection and analysis. We collected an indoor air sample by using a small pump to draw air through an integrated sampler containing an inertial impactor with a particle cut-point of 10 µm followed by a filter and polyurethane foam (PUF) plug (URG Inc., Chapel Hill, NC). We placed the sampler approximately 1.5 m above floor level in an area of unrestricted air flow in the principal activity room of the household as identified by the study participant. The pump ran at 4 L/min with a programmable timer-controller that directed air through the PUF sampler for 10 min out of each 70-min period during 1 week. Total collection time for each sample was 24 hr, and the target sample volume was 5.76 m 3 . Participants completed a questionnaire on daily time budgets and behavior patterns on each day of the 7-day sampling period for a given cycle. We used responses to questions concerning body weight and time spent inside at home to estimate the inhalation rate and average daily time inside at home, respectively, for each participant.
We obtained a house dust sample on the first day of each sampling period by vacuuming the carpet in the activity room of the household using a high-volume small surface sampler (HVS3; CS-3, Inc., Sandpoint, ID) (11) . By making eight passes with the nozzle over each strip of carpet, we collected house dust > 5 µm in diameter into a precleaned Teflon bottle with size selection effected by a cyclone separator. We sieved out particles > 150 µm in diameter in the laboratory before extraction and analysis of the dust samples. We recorded the area sampled, which had a target value of 2 m 2 . Responses to the question, "How much time did you spend laying down or sitting on the carpet or rugs at home today?" gave us the average daily frequency of contact with carpet and average daily time on carpet.
Where possible, we obtained a soil sample from the respondent's residence on the first day of each home visit. We took soil samples from the yard to evaluate potential exposure from bare soil and play areas. If the household had a garden for growing food, then we obtained a sample of garden soil to evaluate this possible food and dermal exposure pathway. We sampled foundation soil to evaluate the potential for exposure from past application of pesticides for termite control or other uses. If we found no areas of the property that met the sampling criteria, we took no samples. We composited aliquots of soil obtained from different locations of the residence into a single sample in the field, and used responses to the question, "Did you have soil or dirt from your yard in contact with the skin today?" to obtain average daily frequency of contact with soil.
Because of limited resources, we selected a portion of the indoor air, carpet dust, and soil samples for analysis. We analyzed approximately 75% of the indoor air and carpet dust samples collected in cycles 1, 3, and 5, and approximately 25% of those sample types collected in cycles 2, 4, and 6. To conserve resources further, we analyzed approximately half as many soil samples as indoor air or carpet dust samples based on the assumption that this outdoor exposure medium was less important and less variable than indoor exposure media in this population. Details of sample selection criteria can be obtained from the authors. We analyzed indoor air, carpet dust, and soil samples for chlorpyrifos and 10 other pesticides at Southwest Research Institute in San Antonio, Texas. Briefly, samples were Soxhlet extracted with 6% ethyl ether in hexane, cleaned through a Florisil column, and analyzed by gas chromatograph/mass spectrometry-selected ion monitoring with a 30 m × 0. 25 
Details of the solid food sample collection, analysis, and diet questionnaire procedures are reported elsewhere (9, 12) . Briefly, we requested participants to prepare a duplicate portion of meals consumed on four consecutive days during each sampling cycle. A field technician recorded the weight of each 4-day solid food sample in cycles 2-6. We homogenized samples (solid food separate from beverages) and analyzed them for selected pesticides at the U.S. Food and Drug Administration laboratory in Kansas City, Missouri. We did not record the weights of duplicate solid samples in cycle 1; hence, we used the average weight of duplicate solid samples on cycles 2-6 for each respondent to estimate the respondent-specific duplicate diet weights in cycle 1.
Quality assurance. To ensure traceability and accuracy of the data, we performed a series of quality assurance steps. A chain-ofcustody form followed each sample and questionnaire from the field to the laboratory and finally to the database manager. We omitted from subsequent analysis any sample data point not accompanied by a completed chain of custody. We analyzed field blanks, duplicate field samples, and reagent blanks for the presence of chlorpyrifos as quality control measures of field and laboratory methods. We did not detect chlorpyrifos in any field blank or reagent blank in our study. Chlorpyrifos concentrations were comparable in the pairs of primary and duplicate samples. We determined detection limits (DL) and recovery efficiencies for chlorpyrifos in each medium throughout the study. The average DL was 0.720 ng/m 3 (range, 0.577-0.773 ng/m 3) in indoor air samples, 240 ng/g (35.2-1,700 ng/g) in carpet dust samples, and 5.24 ng/g (2.96-9.16 ng/g) in soil samples. The chlorpyrifos DL in food samples was 100 ng/kg and was constant over the course of the study. We determined recovery efficiency by fortified samples. We spiked extraction matrices with known amounts of analyte, which were about 200 ng of chlorpyrifos into PUF and 6 µg of chlorpyrifos into 2.0 g of sieved dust or 30 g of soil, and we spiked solid food samples to a concentration in the range of 10.9-18.6 µg/kg. We analyzed spiked samples as ordinary samples. The spike recoveries centered near 100% and had a range of 95.0-119% for PUF samples, 78.0-152% for dust samples, 92.0-144% for soil samples, and 84.7-95.8% for duplicate solid food samples. Data analysis. The models, variables, and constants in the data set used to estimate exposure to chlorpyrifos from each pathway are shown in Table 1 . Chlorpyrifos concentrations in each medium below the respective DL were set to zero. We quantified inhalation of indoor air, incidental ingestion of carpet dust, incidental ingestion of soil, dermal absorption of carpet dust, dermal absorption of soil, and ingestion of food as the pathways of exposure to chlorpyrifos. We calculated pathway-specific exposure (nanograms per day) as a function of chlorpyrifos concentration in the exposure medium; time spent in the microenvironment; inhalation, ingestion, or contact rate with the medium of interest; and the fraction of chlorpyrifos absorbed by the lung, skin, and gastrointestinal tract (13) . We computed aggregate daily exposure to chlorpyrifos as the sum of average daily exposure from all six pathways.
We generated descriptive statistics for chlorpyrifos concentration and exposure from each pathway and in aggregate, samples containing a detectable amount of the analyte. We computed contributions to aggregate exposure from each pathway for each observation. The data exhibited strong positive skewness, and some exposures were the product of binary factors yielding nonnormal distributions (skewness > 3.21). For nonzero pairs of data, we used Spearman correlation to evaluate rank associations between chlorpyrifos concentrations in sample media and exposures from different pathways. We calculated Pearson correlation coefficients for comparison as well.
Reliability is a concept used to describe the degree to which a randomly selected single measure of exposure taken from a set of measures for an individual represents their long-term average exposure. To estimate the reliability of a short-term measure of daily exposure to chlorpyrifos for individuals, we computed the intraclass correlation coefficient of reliability (R) with indoor air, carpet dust, and food concentration data. R is the ratio of between-person variance to the total variance observed in a repeated-measure study (14) . R ranges from 0 to 1, with values near zero indicating low reliability and values near one indicating high reliability. In this study, the temporal variability observed is a characterization of within-person variability, whereas the total variability is a combination of the temporal variability of within-person and the between-person variability.
Results
The final data set contained 107 observations from 44 participants for indoor air, 126 observations from 50 participants for carpet dust, 60 observations from 41 participants for soil, and 379 observations from 75 participants for solid food. Thirty-six home visits from 31 participants yielded contemporaneous measurements of indoor air, carpet dust, soil, and solid food, and we used these observations to calculate aggregate daily chlorpyrifos exposure. The numbers of observations for each medium of the six sampling cycles are shown in Table 2 .
Chlorpyrifos was present at detectable levels in 92.5% of indoor air samples, 79.4% of carpet dust samples, 40% of soil samples, and 38.3% of solid food samples. Table 3 presents summary statistics of chlorpyrifos concentrations in indoor air, carpet dust, soil and solid food samples; exposure to chlorpyrifos from each pathway; and aggregate daily exposure. The mean dust loading from participating households was 3.55 g/m 2 (SD, 8.01 g/m 2 ) with a range of 0.10-51.97 g/m 2 . The distribution of chlorpyrifos concentrations in each medium was skewed right and ranged over two to four orders of magnitude. The fraction of sampling visits for which there was nonzero exposure to chlorpyrifos because of detectable levels of chlorpyrifos in the exposure medium and contact with the exposure medium were as follows: indoor air, 93% (99 of 107); carpet dust, 45% (57 of 126); soil, 18% (11 of 60); and food, 38% (135 of 356). Aggregate daily chlorpyrifos exposure computed as the sum of exposure from the six pathways was also skewed right and ranged from 13.5 ng/day to 12,800 ng/day, with a mean of 1,390 ng/day (SD, 2,770 ng/day).
Exposure from indoor air accounted for the majority of aggregate daily exposure to chlorpyrifos, contributing 84.7% on average. Solid food intake accounted for 13.2% of the average aggregate daily exposure. Incidental ingestion of carpet dust, dermal absorption of carpet dust, incidental ingestion of soil, and dermal absorption of soil contributed 0.06%, 0.76%, 1.18%, and 0.01%, respectively, on average to aggregate daily exposure. The percentage contributions to aggregate chlorpyrifos exposure from each pathway for each observation are shown in Figure 1 . Exposure from inhalation of indoor air accounted for the majority of aggregate exposure for most observations. In several high-aggregate-exposure observations, contributions of solid food accounted for a substantial fraction of the total.
We restricted correlation analysis to those observations with nonzero measurements and between pathways that we considered a priori We calculated reliability to evaluate temporal variability in the data sets restricted to participants who were involved in two or more sampling cycles for indoor air, carpet dust, and solid food. The intraclass correlation coefficient of reliability was 0.55 for the concentrations of chlorpyrifos in indoor air (n = 85). For the concentrations of chlorpyrifos in carpet dust (n = 99) and duplicate plates (n = 356), the intraclass correlation coefficient of reliability was 0.90 and 0.03, respectively.
Discussion
Information on the sources and magnitude of chlorpyrifos exposure is important for exposure and risk assessment of populations and individuals regarding potential health impacts of this common insecticide. In addition, the direct measurements of exposure to chlorpyrifos through indoor air, carpet dust, soil, and solid food reported in this study can be used to understand better the accuracy of pesticide safety assessments based on indirect methods or models.
Chlorpyrifos concentrations and exposures through different pathways based on those media have been measured or modeled in other studies, although few of these investigations contain the breadth of exposure media and pathways provided through the present work. The chlorpyrifos detection frequency and concentrations in our study for indoor air, carpet dust, and soil were in the same range as those from NHEXAS-Arizona (15) and the Minnesota Children's Pesticide Exposure Study (MNCPES) (16) . Chlorpyrifos concentrations in settled dust and indoor air following indoor broadcast and other application methods may be 10-fold greater than the corresponding concentrations in the present study (17) (18) (19) ). Yet, our highest levels are in the range of the lowest levels observed up to 10 days after indoor application of chlorpyrifos (18) .
Scenario-based estimates of exposure to chlorpyrifos are much greater than the exposures observed in our study and sometimes produce different conclusions about the relative contributions from different exposure media. For example, Fenske et al. (17) concluded that dermal absorption represented approximately 68% of the aggregate exposure (0.04-0.06 mg/kg/day) to a hypothetical infant. In contrast, our results agreed with Byrne et al.'s (18) finding that contact with household surfaces and subsequent hand-tomouth activity contribute little to overall chlorpyrifos exposure. Similarly, estimates of nondietary ingestion of chlorpyrifos from treated indoor and outdoor surfaces published in a modeling study were up to several orders of magnitude higher than corresponding measures in our study (5) . Several investigations have been conducted of exposure to chlorpyrifos via solid food ingestion. Details of comparisons between those works and our study are reported elsewhere (9) . Caution should be exercised when comparing exposure values across studies because of differences in application rates, study populations, and sampling and analysis protocols.
To evaluate aggregate daily exposure to chlorpyrifos accurately, pathways and activities that represent the greatest potential exposure should be identified correctly. Aggregate daily exposure as assessed in the present study accounted only for pathways and activities related to the residence. Exposure to chlorpyrifos from environmental media in work areas and other places is required to conduct a more comprehensive aggregate assessment. Nevertheless, the time activity data show that people in this population spent the majority of their time inside at home every day (mean = 16 hr), which suggests residential exposure is an important part of aggregate exposure. The duplicate plate methodology employed here is prone to its own types of errors. For example, 9% of the respondents indicated that at least some food was not included in the diet samples for reasons including illness, travel, not eating at home, limited food availability, and fatigue. Regarding limitations of the inhalation assessments, we measured chlorpyrifos concentrations in indoor air in one location in each household. Data are needed on the spatial distribution of indoor air chlorpyrifos levels to assess the impact of this limitation on our results, although data for other air pollutants indicate that spatial variation within homes is low in the absence of discrete emission sources (20, 21) . Similarly, we collected dust samples from a limited area of carpet in each household. Additional data are needed to evaluate the spatial variability of chlorpyrifos in settled dust indoors including carpet and hard surfaces in the household. However, data from the MNCPES indicate that chlorpyrifos loading (nanograms per square centimeter) on carpet and smooth indoors surface may be similar (16) ; thus, we did not quantify a potentially significant pathway of dermal and incidental ingestion exposure. We did not detect chlorpyrifos residues in duplicate beverage and drinking water samples (9, 22) ; thus, omitting these media from the assessment had no impact on estimates of aggregate exposure. Our ability to evaluate soil-derived exposure was limited by the small sample size for this medium (only 60 observations from three cycles). Although the available information suggests soil is a minor contributor to aggregate exposure for this population, more data are needed to assess this pathway fully. We obtained contact frequency and contact time for all pathways except ingestion from food in our study from questionnaires rather than via direct measures based on observations, videography, or even diaries (23) . That means that our results may be influenced by participants' memories. We obtained factors used to estimate inhalation rate, transfer of dust and soil from surface to skin, and absorption of chlorpyrifos from the exposure literature (Table 1) . For example, we estimated the adherence factor used in dermal absorption of soil as the average of the adherence factors associated with potentially relevant outdoor activities (13) . Because of these limitations in knowledge, the assessment conducted for dermal and incidental ingestion exposure is highly uncertain.
A principal objective of this study was to identify the important pathways of chlorpyrifos exposure for this population. We found that inhalation of indoor air and ingestion of solid food accounted for almost all (97.9% together) exposure to chlorpyrifos on average. This result is based on only 36 observations for which we have contemporaneous chlorpyrifos concentration and exposure factor data for indoor air, carpet dust, soil, and solid food. By omitting soil pathways, 96 observations of aggregate exposure are obtained based on indoor air, carpet dust, and solid food. In that case, exposure from inhalation of indoor air still accounted for the majority (76.1%) of aggregate daily exposure to chlorpyrifos on average, followed by solid food intake at 22.8%. Incidental ingestion and dermal absorption of carpet dust contributed, on average, 0.04% and 1.0%, respectively, in this larger data set. This information indicates that our conclusions about contributions from each pathway were not unique to the 36-observation data set.
Our choice to treat nondetectable chlorpyrifos concentrations as zero rather than a nonzero value did not bias the aggregate exposure findings. For example, when we set nondetects to one-half the DL for the respective media, inhalation accounted for 72% of population exposure and diet for 26%, and each of the other pathways contributed < 1% to the total exposure.
Lack of knowledge about absorption of chlorpyrifos in the lung and gastrointestinal tract and through the skin contributes to uncertainty in the exposure estimates presented here. For example, we are not aware of empirical data on chlorpyrifos absorption following respiratory exposure. We assumed that 100% of inhaled chlorpyrifos is absorbed, following Hubal et al. (4) and Byrne et al. (18) , whereas other investigators have assumed a 70% absorption efficiency for respiratory exposures (24, 25) . Human volunteers who ingested neat chlorpyrifos are estimated to have absorbed 70-90% of the administered dose (26, 27) . We assumed that 50% of ingested chlorpyrifos is absorbed in accordance with assumptions made by a team of U.S. EPA investigators (4) under the assumption that the food matrix inhibits absorption. The dermal absorption efficiency of chlorpyrifos is reported to be approximately 1% based on studies with human volunteers (26, 27) . Values in this range have been used in other dermal exposure and dose-modeling studies (4, 18, 25) . Additional knowledge is needed about absorption of chlorpyrifos across biologic membranes. Yet, the current degree of uncertainty does not alter our findings that inhalation and dietary ingestion are the principal pathways of exposure for this study population.
The findings from repeated-measure studies have implications for tools such as epidemiology and quantitative risk assessment that are used to evaluate the potential effects of environmental contaminants on human health. In the NHEXAS-MD study, we found moderate (R = 0.55) within-person variability of chlorpyrifos concentration in indoor air over time, indicating that withinperson and between-person variation contributed almost equally to total variance in the short-term measure of indoor air concentration. We found low temporal variability of chlorpyrifos concentration in carpet dust, indicating that the timing of dust sample collection may not be an important design consideration in the absence of a recent pesticide application event. But mean time spent inside the home and carpet contact rate varied significantly among cycles and among days for individuals (10, 28) . Dietary intake of chlorpyrifos exhibited low reliability, perhaps because of variation in shortterm food consumption and in the occurrence and exposure concentration of chlorpyrifos among servings of food commodities. Thus, with regard to determining the levels of exposure for an epidemiologic study, our results indicate that a single shortterm measure of chlorpyrifos exposure for an individual based on environmental monitoring and exposure factor data may not yield an accurate estimate of chronic exposure for that individual.
Conclusion
Research is needed to reduce uncertainty about exposure concentrations, factors, and models and to yield more realistic assessments of aggregate exposure to environmental contaminants (4) . NHEXAS-MD is a pilot investigation for future national-scale, multimedia, multipollutant exposure assessment studies. The study design affords evaluation of aggregate daily chlorpyrifos exposure from realistic ordinary life in a randomly sampled population. Direct measurements of chlorpyrifos concentrations in potential contact media and time activity pattern data such as those reported here, in conjunction with data from controlled experiments and improved exposure factor information, can help to reduce uncertainty in pesticide exposure and risk assessments. The results of the present aggregate exposure study are based on measurements of chlorpyrifos in indoor air, carpet dust, soil, and solid food. The aggregate exposure rate for chlorpyrifos varied over a wide range and up to 12.8 µg/day. Inhalation of indoor air was the most important pathway of aggregate exposure. Concentrations of chlorpyrifos in indoor air and carpet dust were significantly correlated, which may have implications for aggregate exposure to this substance and other semivolatile insecticides. The NHEXAS-MD study design helps to illustrate patterns in aggregate temporal exposure to chlorpyrifos through various media. The timing of sample collection may not be important for assessment of chlorpyrifos concentration in carpet dust but could influence the results of indoor air and solid food chlorpyrifos measurements. However, variation in exposure to chlorpyrifos from those media and in aggregate should be considered with respect to temporal variability of people's activity patterns.
